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ABSTRACY

This paperpresents some crucial design patameters and a strawiman
systemy design for a nadir-looking, 94-Gl 1z spacebor ne cloud
profiling radar. This sensor is expected to provide cloud
measurements at vertical resolution of 500 mand with a minimum
detectable cloud reflectivity of slightly better than -30 dBZ.The
radar design is intended to be accommodated by a spacecraft with
limited resources. 11 uses a2-mantennaand an extended interaction
amplifier (1; 1A) that are readily available in either grou d-bused and
airborne applications. For space application, improvements in the
ElAlifetime and space qualification will be required. For various
reasons, the spacebor ne cloud radar system development is expected
1o be greatty benefited by the implementation of an aircraft cloud
radar instrument.

1 INTRODUCTION

An essential component of the Earth's energy budget is thethiec-
dimensional distribution of radiative and latent heating and cooling
in the atmosphere. To derive these quantities, it is necessary 1o know
the global, three-dimensional distributions of clouds and preci -
pitation. Unfortunately, information on the distribution of vertical
cloud structure, which is acrucial input to the radiation budget and
the atmosphieric water vapor distribution, is not available from
existing 01 planned spaceborne rernotc-sensing insttuments.

A recent report by the World Climate Research Program (WCRP,
1994) has documented the potentials of acquiring the near-global
cloud measurements with a spaceborne millimeter-wave radar. This
paper investigates the design issues associated with suet) asystem
and describes a sirawman cloud radar design that will meet the
scientific needs. Inparticular, we will discuss theradar frequency
selection, the control of surface clutter contamination and its
implications on antennaand transmit pulse design, thetradeoffs
between sensitivity, spaceborne resource requirements, and
technological readiness of the variousradar subsystems. The
expected performance and spacecraft resource consumption for such
system will also be summarized. Wc havealsodeveloped u similar
design concept for anaitborne cloud proliling radar. The additionai
design issues associated with wide system dynamic range and
Doppler measurements will also be summarized.

2. SPACEBORNE CLOUD RADAR D ESIGN ISSUES

Wec expect thatthe mission that will carry such acloud profiling
radar will be small 10 moderate in scale. Therefore, we have
assumed acorresponding set of modest spacecraftresources for the
cloud radar design. I'be spacecraltis assumed to operate at a 400-
km, circular orbit. This section will discuss several kcy design issues
associated witha spaceborne cloudradar.

2.1 Frequency Selection

Based on the cloud radar reflectivity and o u r assessment of
technology readiness for spaceborne radar components, the
frequency range of 35to 100 GHz is potentially suitable for the
cloudradm. A performance comparison wasmade for aradar
system that operates at 35 Gl 17. nnd onc at 94 GHz. To obtaina valid
comparison, however, the following assumptions were used in this
compat ison study:

I. Theradar will operate at only one frequency.

2. Same antenna aperture size is used for both systems.

3. Same vertical and along -track integrated resolution are used for
both systems.

4. Based on the assessment o f the availuble radar technology, a
peak transmitpower of | KW was adopted for both frequencies.

5.DC-10-RF power conversion efficiencies for thetransmitter of
30% at 35 GHz and12% at 94 Gllzare adopted.

6. Average DC power consumed by bothsystems is the same.

7. 94 Gllz system noise temperature is 2 dBlarger thanat 35 GHz.

With these assumptions, the ratio of the signal-to-noise ratios atthe
Iwo frequencies is
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whete 17 is the DCto RF power efficiency; IK2Zis the dielectiic
factor of liquid water; 7' is the system noise temperaturesund 1. is the
atinospheric loss du C to cloudabsorption.  This expression is valid
for S94, S35 « |, which win be the case for weak cloud echoes.
Using valuesbased on the above assumptions, this ratio is:
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whete Loy and 135 are the cloud absorption in dB. ‘['bus, the 94-
GHyz system is approximately 12 dB more sensitive than the 35-G Hz
system in detecting the lawye rsnear the cloud top, where rhe cloud
absorption is small.  As the radar signal continues to penetrate
through the cloud cotumn, the signal will be attenuated. and the
maximum depththatthe signal can penetrate will depend on the
cloud water density, as well as the cloud absorption. At a given
freq uency and by ass uming homogeneity of the clouds. the
maximum measurable cloud depth (Ad,,, ;) can be detined as:

L~ Zeirrrn
2a

My km (&)
where @ is the cloud attenuation (in dB/km), Z is the actual cloud
reflecti vity (in dB), and Zmin is the minimum detectable cloud

teflectivity (sce Bq. (6)). In this study, (@ was assumed to be 0.753M
at35 GHz and 3. 0M at 94 G137, where Misthe liquid water contemt
(in g/nd). These values are in agreement with Rayleigh scatter ing
calculations and with radiometer observations. Following Atlas
(1964),the cloud reflectivity is takento be Z=0.048M2, which can
be applied to both frequencies by assuming Rayleighscattering.

With a DC power of 225 W and a 2-m antenna, the minimum
detectable reflectivity. Z,,,;,. with no cloud attenuation, is -32.5 dB37,
w94 Gz (see Table 2), The corresponding Zmin at 35 GHz
according to Fq. (2) is approximately - 1 9 dBZ. Using thc assumed
attenuation and reflectivity values, the maximum measurable cloud
depthsareplottedasa function of bothZ and M in Fig. 1. For clouds
of lower water content. the 94-Glzradar has superior peiformance.
Clouds with water content less than --0.5 g/m=? cannot be detected by
the 35-GHz system.For clouds withd > 0.75g/m 3 (Z=-15dBZ),
the 35-GHe radar is better because of less absorption. As such, the
94- GHz frequency appears 10 be abetter system choice for overall
cloud measut ements. 94 GHz is also preferable for ice clouds,
which have small attenvation.
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Figure 1, Maximum measurable cloud depth at 35 and 94 GHz vs.
cloud reflectivity.

2.2 Surlace Clutter Contamination Concerns

Withthe downward 1adar viewing geometry and the fact that the
iarth's surface is a much stronger scatlerer thanthe cloud, the
undesired surface returns mustbe kept substantially below the cloud
reflected signal to extract accurate in formation of the cloud. One
potential path that the surface returns from previous pulse
transmissions can "leak" into the cloud return is through the antenna
sidelobes. To calculate the required antenna sidelobe level that must
be achicvedtominimize thew surface contaminations, we adopteda
sct of sur face (land and ocean) radar back scatter cross sections
versus incidence angles (Ulaby and Dobson 1988; Ulaby, et.al.
1982). With these adopted surface backscatter characteristics, the
required antennafar-outsidelobes (> 15° from boresight) were
computed 10 be < 50 dB3 and the required near-in sidelobes 10 be <
25 dB.Foran of f-nadir viewing geomelry, the near-in antenna
sidelobes mustbe <-50 dB 10 eliminate surface contaminationfrom
the same pulse Transmission.

Another polential route for surface contamination is the sidelobes
associated with the tansmitted pulses. For example, a common
approachto achieve higher signal-to-noise ratio in aradarsystem is
by phase-coding (such aslincar 'M) a long radar pulse and by
subscquent pulse compression of the reccived radar echoes.
However, this approach typically results in pulse compression
sidelobes that contaminate the cloud echoes from the sut face retut .
Based on om bac kscatter model, the required sidelobe levels for two
different vertical resolutions desired for the cloud radarwere
calculated inFig. 2. It shows thatthe required pulse compression
sidelobe level is at Jeast 85 dB. w ¢ believe that practical
implementation of apulse compression scheme that saris ties such a
severe requirement is beyond the present state-of-the-art(Tanner
cl.al.,1993). One, theret'ore, will berequired to usc atraditional
shorl, uncodcd pulse approach, which requires acotrespondingly
higher peaktransmitter power. Evenin this case, one should be
carcful in controlling the rise/fall time of the transmit pulse to
preventany leakage beyond (Ire desired pulse length.
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Figure 2. Required compression sidelobelevel vs. incidence angle.
2.3 Antenna Size and Scanning

The antenna diamecter is limited by the satellite constraints. Wehave
considered a 2-m andad-mdiamecter antenna designs. The 4-m
antenna provides belter horizontairesolution and sign:il-to-noise
performance. fowever, it is heavier, requites more "real-estate",

creates large blockage for other nadir-viewing instruments, and its
deployment would add complexity to the instrument, The less
complicated 2-mantenna canbe more easily accommodated by the
spacecraftand, as shown in Section 3, also meetthe petformance
requirements.

A scanning antenna would provide better spatial coverage; however,
it was not considered because of the ground contamination through

the antennasidelobes, us noted above.
3. SPACEBORNE CLOUD RADAR STRAWDMIAN D1ISIGN

Givernithe science and design considerations discussed above, 4
strawmandesign for a cloud profiling radar consistent with asmatll-
lo moderate mission was constructed. Table | showsthe strawman
syslcmp:ll;unclcrs:m(llhcc,\'pcclcdSpilCCClufltcsmlrcc consumption
for this radar.

Frequency 94 [;117-
Antenna:

Dianeter 2111

Peak gain 63.4 dBi

3-dB beamwidth ol

Near-sidelobe level <-25 Till

Far-sidelobe level <.55dB
1A -bascd transmitter:

Peak power I KW

Power conversion efficiency 12%
‘Lransiittedsignal:

Pulse width 3.33 psee

Signal bandwidth 300 KHz2
Pulsc repetition frequen cy 4250
“1ransmitduty cycle 1.42%
1 ransmit pathloss 2l
Receiver bandwidih 360 KHz
Receive path foss 3dB
eceiver notse figure 2dB
Ave. oulputdatarate (12t sampling) 2.1Kbps
Ave. S/C power 225 w 440%
Mass 108 Kg 4 30%
Volume:

Antenna in stow position 2mx2mxlm

Radarelectronics Imx0.6mx03m

Table 1. The preliminary estimates of the system paramceters fora
spacebotne cloud radar design.

The sillglc-pulse cloudsignal-to-noiseratio, S, can be expressed as
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where 17 is the ttmsmitter peak powe . A is the rada wavelength, G
is the antenna gain, ¢ is the pulse propagation speed, 1y is the pulse

dutation, # is the 3-dBantenna beamwidth, L is the radar system
loss, L, is thesignailoss duc [0 atmospheric absarption (cloud
absorption is exclud cd), & is Boltzmann's constant, 7 is the system
notse temperature, B is the receiver bandwidth, » is the radar range
distance 1K 12 is the dielectric factor of liquid water at 94 Gllz, and
Zis the equivalent cloud reflectivity factot (inmm%m¥). Both cloud
sighal and noise-only mcasurements will be collected. The noise
componentinthe cloud signals, which on theaverageis equal to the
noise-only measurements, willbe removed ateachrange bin otter
appropriate signal averaging. W c anticipate that the number of
independent noise-only measurements collected will be much greates
thanthatotthe cloud signal measurements.  As such. the effective
cloud signal-to-noiseratio after averaging, Sy, canbe expressedas:
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where Ng is the number of independentcloud measurements. By
defining the minimum detectable cloud i1eflectivity, Zmin, as the
cloudreflectivity value which gives rise toaunity signal-to-noise
ratio after averaging, we have
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‘10 obtain better cloud detection sensitivity, the reccived pulses will
be averaged along track: 1300" pulses will be averaged for (.31 scc.
cquivalentto averaging over three instantancOus radar footpr ints. By
using theradar parameters as listed in Table I and by assuming two-
way atmospheric path losses of 1 dBin the upper atmosphere and 2’
dB in the lower atmosphere, and 1K 12 - 0.8, the design yield Zmin
values that are slight better than-30 dBZ. In Table 2 the prefiminary
estimates of the key performance characteristics are summarized.

Veuntical resolution T 500m
Cross-track resolution 780 m
Along-track resolution (after pulse averaging) 2.3 km

Number of independent sammples 1300
Minimum detectable dB7.s:
at altitude -20 km -32.5dB37
ataltitude =400 m -30.1 dBZ

Table 2. Preliminar y per formance estimates of the 94-Gliz
spacebot ne cloud radar.

-A block diagram of the proposed design is shown in Figure 3. The
3.33-psce pulses are generated :11400 M1 {z.and (hen up-couverted [o
94 Gilz. These pulses are amplificd by a solid-state amplifier
diiving the high-pmvcr extended interaction amplifier. This high -
powersignal is then sent 10 the antenna through aferrite circulator.
A lhlcc-junclionl'cnilc““"S""l/mccivcr (“1/[?) switch is used to
protect the receiver. A smalfamountof power is coupled back to
the recciver for transmit p ow er calibration. During the receiver
period, the received signal is sentthrough the circulator and the T/R
swilchtoa94-Gllz I(nv-noise amplifier, After that, the signal is
filtered and down-converted 10 the firstinter mediate frequency. The
signal is fusther amplified, filtered and converted to the second
inter mediate frequency, where it is sampled by the analog-to-digital
convet e and sent to the data systeny.
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Figure 3. Strawman block diagram of the spaceborne cloud radar.

4. TECHNOLOGY ISSUES

A preliminary survey of the radar technology at94 GHz has been
made. The major techpology development w il 1 be the space
qualif ication of the 7% 1z EIA trangmitter tube. Both ground-
based and airborne 94-GHz El As, operating at or above the required
peik power level, are curiently available. I'However, since these
Tdevicesarenot designed fo1rspace application, developments to
improve the EI A Tifetime and to meet space qualilication
requitements are required.

5, AIRBORNE CLOUD RADAR

In older totest the spacebot ne cloud radar design conceptand
equipmient (c.g. B 1A), and to develop and test algor ithms for data
analysis and interpretation, it is desirable to first develop anaircraft
cloud rixdar. The aircraft instrament will have better sensitivity and
spatial resolution to provide accurate data to assess the crrors

.
associated withthe spaceborne radarretrieval algorithms. By
incorporating Doppler culpability, the aircraftinstrument canalso be
used to study the cloud dynami es. For an ait borne cloud radar, thete
are anumber of additional design issues neededto be considered. In
this section, we will bricfly discuss two such issues: the wide
dynamic range and Dopplet/PRE selections.

Because of the downward viewing configuration, the radar echo
profileswill include returns from bothcloud and sur-(ace, we
estimated that the maximum expected power is ~70 dB above the
noise oor. This represents a wide dynamic range that must be
accommodated by the RF, 1 and digital portions of the radar
receiver. A set of IF attenuation levels is needed in order to adjust
the desired signal levels. The usc of al6-bit analog-to-digital
converter appears 10 be adequate for this appli cation.

For pulse radar operation, the maximum PRE is set to avoid range
ambiguitics. For Doppler measurements, however, the PRE should
be large enough to avoid Doppler aliasing.  For a radar operating on
il aircraftmoving at ~250 m/s, for instance. the PRE must be >32
K1z 10 avoid Doppler afiasing, which is obviously in conflicts with
the desire toavoid range ambiguities.  One potential approach to
overcome his problem is by switching the PRE between two values
that are both low enoughy to avoid range ambiguities. By propei ly
choosing the PRI spacing, the aliased Doppler frequencies are
different for the Iwo PRIs. In this case, the maximum unambiguous
Doppler range is determined by the lcast common multipie of the
two PREs (e.g., Liand Johnson, 1982).

6. SUMMARY

A strawman tadar system design for cloud - profiling meas urements
from space was presented in this paper. In this design, the radi
nstrument operates at 94 Gllz and ata nadit-pointing configuration.
‘1 his strawman design is intendedto serve as abenchmarkinguiding
the more vigorous futuwre design and trade studies.  The radar design
is intended to be accom modated by a spaccer aft with limited
resources. [tprovides a vertical resolution of 500 m and amimimum
detectable cloud reflectivity of slightly better than -30 dBZ.

This design uses theradar transmittetcharactetistics whichare based
onthe existing airtborne 111 As. Forspace application, improvements
in the EI A lifetime and space qualilication will be required. To
suppott the d v clopment of a spacebortie clowd radar system, an
aircralt cloud 1ad ainstrument s desirable. This instrument will (est
the space SYSlem design conceptand technology and serve as
prelau nch development and testing of the data processing algotithms.
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